A galactolipid lipase from primary bean (Phaseolus vulgaris) leaves has been used to partially deplete spinach chloroplast inner membranes of their galactolipids. Chloroplasts treated with the lipase in the absence of bovine serum albumin lost 91% of their monogalactosyl diglyceride, 83% of their digalactosyl diglyceride, all of their phosphatidyl choline, but none of their sulfolipid. Electron microscopy of thin sections revealed that the treated chloroplasts were greatly enlarged and lacked membrane stacking. Linolenic acid had similar effects on the structure of the chloroplasts. Chlorophyll, carotenoids, and coupling factor 1 remained bound to the treated membranes.
mained bound to the treated membranes.
To minimize the inhibition of phosphorylation and electron flow by fatty acids released by the lipase, bovine serum albumin (15-24 mg/ml) was added to the lipase incubation mixtures. Bovine serum albumin inhibited the extent, but not the initial rate, of fatty acid release by the lipase. Electron microscopy of chloroplasts treated with the lipase in the presence of bovine serum albumin showed that membrane stacking was partially maintained. Chloroplasts treated with lipase under these conditions retained about 30% of their monogalactosyl diglyceride, 50% of their digalactosyl diglyceride and phosphatidyl choline. The sulfolipid and phosphatidyl glycerol contents were unchanged. Electron flow through photosystems I and II with artificial electron donors and acceptors was not affected by lipase treatment in the presence of bovine serum albumin. In contrast, oxygen evolution and phosphorylation were partiadly inhibited. These reactions are also very sensitive to fatty acids and it is possible that the inhibition is the result of interaction of fatty acids with the membrane prior to their binding to bovine serum albumin.
In view of the irreversible inactivation of electron flow and phosphorylation by fatty acids, it is difficult to assess the role of galactolipids in these processes when a specfic lipase is used to deplete the membrane.
Galactosyl diglycerides are present in high concentrations in the photosynthetic membranes of higher plants and algae, were predoctoral trainees of the National Institutes of Health (ST GM-00824). Part of this work was performed when R.E.M. was a Career Development Awardee of the National Institutes of Health (GM- 14, 409 whereas phospholipids are present in relatively low concentrations (15, 27) . In contrast, mitochondria from either potato tubers or mung bean hypocotyls (22) seem devoid of galactolipid, and have a phospholipid composition close to that of animal mitochondria. In view of their intracellular localization, a specialized role for galactolipids in either the structure or function of thylakoid membranes could be postulated. One approach to the study of the role of galactolipids in thylakoid membranes has been to deplete the membranes of their galactolipid complement and then to determine the structural and functional properties of the depleted membranes.
We recently reported (3) that the galactolipids in chloroplast thylakoid membranes and in vesicular particles prepared from thylakoids were readily accessible to attack by a galactolipid lipase isolated from primary bean leaves. Here we show that electron transport through photosystems I and II is insensitive to lipase treatment under conditions which minimize damage by fatty acids. Oxygen evolution and photophosphorylation are sensitive to the lipase, but this sensitivity may be explained in part by fatty acid inhibition. The effects of lipase treatment on chloroplast structure are also presented.
MATERIALS AND METHODS
Preparations. Partially purified galactolipid lipase was prepared as described (3) from the chloroplast fraction of primary leaves of Phaseolus vulgaris var. Kentucky Wonder. Although substantial purification could be achieved by chromatography on DEAE-Sephadex A-50, the purified enzyme was very unstable and lost its activity within a few days. In contrast, the combined fractions from the Sephadex G-100 column, the last step in the routine purification procedure, retained activity for months at -20 C. Thus, the combined Sephadex G-100 eluates were used in the experiments reported here. The specific activity of the lipase, expressed as Aeq fatty acid liberated from subchloroplast particles/min/mg protein at 30 C, ranged from 12 to 25.
Chloroplasts without their envelope membranes were isolated from market spinach (21) , and subchloroplast particles were prepared by exposure of chloroplasts to sonic oscillation (19) . BSA was defatted according to Chen (8) . Some lots of fatty acidpoor and fatty acid-free BSA from Miles Laboratories, Kankakee, Ill. contained substances which strongly inhibited phosphorylation and electron flow. We routinely defatted fraction IV BSA (Sigma Chemical Co.) since it was less inhibitory. Tristreated chloroplasts were prepared according to Yamishita and Butler (31).
Assays. Chl (4) and protein (26) were assayed spectrophotometrically. Fatty acids were estimated according to Anderson and McCarty (2) . Electron transport was assayed at pH 8 (1) . Sulfolipid (sulfoquinovosyl diglyceride) was determined according to Kean (16) . Since silica gel did not interfere with alkaline hydrolysis of galactolipids, the silica gel containing the galactolipids was treated in screw cap test tubes at 100 C for 2 hr with 1 ml of 4.25 N KOH and 1 ml of 95% ethanol. After cooling, 1 ml of H20, followed by 4 ml of petroleum ether (30-60 C boiling range) was added. After mixing, the petroleum ether phase was discarded and the extraction was repeated with the petroleum ether phase again being discarded. The mixture was then acidified by addition of 0.4 ml of 11.5 N HCI. Seven ml of petroleum ether was added, and the contents of the tube were vigorously mixed on a Vortex mixer. Following centrifugation the petroleum ether phase was saved and the extraction was repeated. The combined petroleum ether phases were washed three times with 3 ml of H20 to remove HCI. Aliquots of the petroleum ether phases were evaporated to dryness, and the fatty acid content was estimated (2) .
RESULTS
Quantitative Lipid Analysis in Lipase-treated Chloroplasts and Subchloroplast Particles. Chloroplasts, treated with lipase in the absence of BSA, lost most of their galactolipids and phosphatidyl choline. Phosphatidyl glycerol and sulfolipid were not markedly hydrolyzed (Table I) . These results confirm the suggestion (3) that the lipase prefers uncharged or zwitterionic lipids as substrates. BSA (15 mg/ml) inhibited the extent of fatty acid release and preserved some of the galactolipids and phosphatidyl choline. Approximately 70% of the monogalactosyl diglyceride and 50% of the digalactosyldiglyceride and phosphatidyl choline were hydrolyzed by the lipase in the presence of BSA. The lipid content of the control chloroplasts was similar to that reported by others (15) . A loss of a small amount of monogalactosyl diglyceride after 60 min of incubation in the absence of added lipase was also observed. This release was previously noted (11) . A similar depletion of galactolipids and phosphatidyl choline by the lipase in subchloroplast particles was observed (Table II) . In no case were components with mobilities expected for the monoacylated derivatives of galactolipids or phospholipids detected after TLC.
Effects of Lipase Treatment on Chloroplast Structure. The galactolipids present in the areas containing stacked membranes may not be accessible to the lipase. BSA (30 mg/ml) inhibited the extent, but not the rate, of fatty acid release in chloroplasts by the lipase (Fig. 1 ). Chloroplasts treated with the lipase in the presence of BSA still contained stacked membranes although there was some disruption of stacking and some swelling ( Fig.  2A) . In contrast, chloroplasts incubated with the lipase in the absence of BSA were greatly enlarged and contained no stacked membranes (Fig. 2B ). The unstacking of the membranes by lipase treatment in the absence of BSA was probably the result of the liberation of fatty acid. Linolenic acid (3.8 ,umoles/mg Chl), an amount similar to that formed by the lipase, also caused marked swelling and disruption of membrane stacking (Fig. 2C) . BSA also partially inhibited the extent of fatty acid release from most preparations of subchloroplast particles. The exposure of chloroplasts to sonic oscillation under the conditions used to prepare subchloroplast particles did not fully disrupt membrane stacking even though it fragmented the lamellar system. Electron micrographs of thin sections of subchloroplast particles showed many regions of stacked membranes which were disrupted by lipase treatment in the absence of BSA.
Even though major amounts of the galactolipids in the membrane were hydrolyzed by the lipase, the binding of at least three components of the membrane, coupling factor 1 Although tris-treated chloroplasts cannot use H20 as the electron donor, artificial electron donors such as diphenylcarbazide restore electron flow through photosystem II (28) . Whereas the reduction of DPIP with H20 as the electron donor was partially sensitive to the lipase treatment in the presence of BSA in control chloroplasts, DPIP reduction with diphenylcarbazide was insensitive in tris-treated chloroplasts to the lipase when BSA was also present (Table IV) .
Noncyclic phosphorylation coupled to electron flow from H20 to ferricyanide in subchloroplast particles was inhibited more than the rate of electron flow by lipase treatment resulting in a decrease in the P/e2 ratio. Cyclic phosphorylation with PMS showed a similar sensitivity to lipase treatment. Light-dependent H+ uptake in chloroplasts (13) , supported by PMS-catalyzed electron flow, was nearly as sensitive as phosphorylation to lipase treatment.
Attempts to Separate Effects of Fatty Acids from Those of Lipid Depletion. The fact that phosphorylation and 02 evolution exhibit the greatest sensitivity to lipase treatment is disturbing since these processes are also very sensitive to inhibition by fatty acids. Even though high concentrations of BSA were used to sequester fatty acids, it was possible that the fatty acidsl released at the membrane could interact with the inhibitory sites on the membrane before they were bound to the BSA.
BSA, even at only 9 mg/ml, can remove all of the fatty acid liberated by the lipase from subchloroplast particles. Subchloroplast particles were incubated with the lipase and were diluted into either H20 or 9 mg/ml of BSA. After centrifugation, fatty acids in the pellets and supernatant fluids were determined.
Whereas nearly all of the fatty acid (2.79 Amoles/mg Chl) remained bound to the subchloroplast particles in the absence of BSA, no fatty acid was detected in the pellet after exposure to BSA and 2.62umoles/mg Chl was found in the supernatant. Since 5 nmoles of fatty acid could have been detected in the aliquot (0.1 mg Chl) of subchloroplast particles, the upper limit of the fatty acid content of lipase-treated subchloroplast particles after exposure to BSA is only 0.05 ,umole/mg Chl. This amount of linolenate has no effect on phosphorylation or electron flow. Yet, these particles were photochemically inactive showing that fatty acids can irreversibly inhibit electron flow. Similar results were obtained with chloroplasts.
Linolenate is the major fatty acid in galactolipids (15) . To attempt to separate effects of fatty acids from those of galactolipid depletion, a comparison of the inhibition of electron flow from H20 to oxidized diaminodurene by linolenate and by lipase treatment was made. In this experiment, either lipase or linolenic acid was added to incubation mixtures without BSA. BSA was added to some of the samples at timed intervals. Fifteen sec later the reaction mixture for electron flow was added, and 02 evolution was assayed. When A rapid release of large amounts of fatty acid at the membrane and its subsequent interaction with the membrane before it was bound by the BSA could explain the inhibition of phosphorylation and 02 evolution by lipase treatment. If this were the case, addition of the lipase in several aliquots over a long time period might produce less inhibition than addition of the same amount of lipase in one aliquot at the beginning of the incubation. This appears to be the case. In five experiments in which the lipase was added in 1 aliquot at the start of the incubation, the inhibition of PMS-dependent cyclic phosphorylation in subchloroplast particles after 60 min at 20 C ranged from 72 to 85% and 2.4 to 2.6 ,umoles of fatty acid were liberated. In contrast, in three experiments in which the same amount of lipase was added to 6 to 8 small aliquots at 6-to 8-min intervals, the inhibition ranged from 21 to 43% at the end of 60 min even though the same amount of fatty acid was released.
The hydrolysis of lipids by the lipase in either chloroplasts or subchloroplast particles in the presence of BSA is not complete. Heterogenity with respect to the extent of lipid depletion in a population of lipase-treated subchloroplast particles might be expected. For example, much of the phosphorylation activity after lipase treatment could reside in subchloroplast particles which might be insensitive to the action of the lipase. To test for this, lipase-treated and control subchloroplasts particles were layered on sucrose density gradients, and the tubes were cen.trifuged to equilibrium. Lipase-treated subchloroplast particles were more dense then the controls (Fig. 3) . The increased density of the lipase-treated subchloroplast particles is consistent with the loss of lipid. In view of the close correspondence between the distribution of PMS-dependent cyclic phosphorylation and of Chl in the gradient, there appears to be little heterogenity in the lipase-treated subchloroplast particles. Furthermore, it is remarkable that phosphorylation in subchloroplast particles survives sucrose density gradient centrifugation with little loss in activity. The inhibition of 02 evolution and phosphorylation by lipase treatment in the presence of BSA could also be caused by interaction of the membranes with fatty acids. Two experiments reported here supported this hypothesis. First, even though BSA binds all of the fatty acid liberated by the lipase, chloroplast membranes also bind fatty acids. If fatty acids remain in contact with the membranes for more than a few minutes, BSA cannot reverse the inhibition of activity. Second, phosphorylation is less sensitive to lipase treatment when the rate of fatty acid release is reduced by adding small aliquots of the lipase over an extended time period rather than by adding the same amount of lipase in one addition. Presumably, a slower rate of fatty acid release would afford the BSA a better opportunity to compete with the membranes for the liberated fatty acids. It is also possible that small amounts of monoacylated galactolipids or phosphatidyl choline are generated in the membrane on hydrolysis by the lipase. These substances could also be potent inhibitors of phosphorylation and 02 evolution (12) .
The photosystem I-dependent oxidation of TMPD in chloroplasts that had been lyophilized was partially sensitive to lipase treatment (18) . About 56% of the monogalactosyl diglyceride and 15% of the digalactosyl diglyceride were removed by the lipase. Since no BSA was present during the lipase treatment, much of the inhibition was probably caused by fatty acids. The lipase-treated chloroplasts were then lyophilized and galactosyl diglyceride partially restored TMPD oxidation to the lipasetreated, lyophilized chloroplasts. Galactolipids also partially restored electron flow in lyophilized, heptane-extracted chloroplasts, even though little galactolipid is removed by the heptane extraction. Since triacylglycerols (7) and ai-tocopherol can also partially restore activity to the heptane-extracted chloroplasts, it is clear that the lipid requirement is quite nonspecific.
An obligatory role for galactolipids in photophosphorylation seems unlikely. Jaynes and Vernon (14) reconstituted photophosphorylation by incorporation of a photosystem I-enriched subchloroplast fragment, prepared by the action of Triton X-100 on chloroplasts, into phospholipid vesicles. Although major amounts of galactolipids may be removed by the lipase, it is not possible to exclude the possibility that at least some galactolipid is required for 02 evolution and electron flow. However, galactolipids may be of primary importance in the assembly of the photosynthetic apparatus.
